Introduction
[2] The clouds of Venus have been extensively studied, by means of spacecraft entry probes, orbiter and flyby missions, and ground-based observation (see comprehensive reviews by Esposito et al. [1983 Esposito et al. [ , 1997 ). Entry probes revealed that almost all particulate matter is located in a series of cloud layers starting at 45 km altitude, stretching up to 65 -70 km. Data from the Pioneer Venus lander particle size spectrometer (LCPS) instrument [Knollenberg and Hunten, 1980] were interpreted as indicating four populations of particles. Mode 1 particles have a mean radius of 0.3 mm, and make up the bulk of the upper cloud layers. The larger mode 2 particles (mean radius 1.0 mm) make up the particulate mass in the upper clouds, while the slightly larger mode 2 0 particles (mean radius 1.4 mm) are found in the middle and lower clouds. The scattering properties of the mode 2 and 2 0 particles indicate that they are composed of liquid H 2 SO 4 /H 2 O mixture, with 75-85% H 2 SO 4 by weight [Esposito et al., 1983] .
[3] Mystery still surrounds the large mode 3 particles found in the base of the clouds at altitudes 45-52 km. The original analysis of LCPS data concluded that these must be crystalline particles [Knollenberg and Hunten, 1980] ; however, a later study [Toon et al., 1984] concluded that the mode 3 particles could indeed be composed of liquid sulfuric acid droplets, once possible instrumental errors were taken into account.
[4] Although it is clear that sulfuric acid comprises the majority constituent of the mode 2 and 2 0 cloud particles and possibly the mode 3 particles as well, there is also evidence that minority constituents are present. X-ray fluorescence measurements on the Vega probes found significant abundances of chlorine, phosphorus, and iron in lower cloud particles [Andreychikov et al., 1987] ; an analysis from Krasnopolsky [1989] concluded that this suggested that the clouds contained compounds including Fe 2 Cl 6 , H 3 O 4 , and Al 2 Cl 6 . For the present work, though, we have ignored these minority constituents and assumed clouds comprising of 85 wt % H 2 SO 4 to 15 wt % H 2 O, copying the modal size distributions as used by Grinspoon et al. [1993] , as shown in Table 1 .
[5] In this work we take advantage of the near-infrared spectral window regions at wavelengths of 1.0 -2.5 mm, in which thermal emission from the deep atmosphere of Venus escapes through the clouds to space. These window regions exist in spectral regions between broad CO 2 and H 2 O absorption features. The radiation is attenuated by a combination of gaseous absorption and scattering as it passes upward through the clouds to space; therefore the optical thickness and scattering properties of the clouds both have a significant effect on the observed radiation, as will be shown. Initially discovered fortuitously by Allen and Crawford [1984] , the near-infrared emission windows have been extensively exploited in ground-based observations [Bézard et al., 1990; Pollack et al., 1993] , as well as by the Galileo Near Infrared Mapping Spectrometer (NIMS) during that spacecraft's Venus flyby in 1990 [Carlson et al., 1991] . However, Venus Express is the first Venus orbiter equipped with a spectrometer capable of observing at these wavelengths.
[6] Radiative transfer modeling has been quite successful at replicating the observed spectra of these nightside emissions Grinspoon et al., 1993; Bézard et al., 1990; Tsang et al., 2008a] . However, while the spectrally narrow near-IR window regions include enough spectral features to allow unambiguous mapping of several constituents of the deep atmosphere, they do not provide much information on cloud composition, because variations in cloud composition tend to cause broad changes in the spectra which cannot be observed within the narrow spectral range of a single near-IR transmission window.
[7] All the thermal emissions in all of the window regions are attenuated as they pass upward through the clouds. This attenuation arises both because of absorption by cloud particles themselves (nonconservative scattering), and by gaseous absorption along the path taken by the photons. Because the particles are liquid and thus spherical, and because the wavelength of the light is of the same order as the radius of the particles, one can assume Mie scattering for the calculation of the scattering parameters. The single scattering albedo and extinction cross sections for the different modes are shown in Figure 1 . The first thing to note is that the single scattering albedo, w 0 , is extremely close to 1 for all these particles at wavelengths below 2.5 mm, particularly at the shorter wavelength windows near 1.0 mm. The optical depth of the clouds is typically very high (t $ 30 as defined at l = 0.63 mm, in the model cloud defined by Pollack et al. [1993] ), so the thermal emissions undergo a large number of scattering events as they pass upward through the clouds; it is only due to the high albedo of the H 2 SO 4 droplets at wavelengths <2.5 mm that the light escapes through the cloud layer.
[8] In Mie scattering, the extinction cross section exhibits a peak at wavelengths similar to the radius of the particle (l peak $ r). As can be seen in Figure 1 , mode 2 0 particles have a significantly higher scattering cross section than the smaller mode 2 particles at l = 2.30 mm, while there is little difference at l = 1.74 mm, while the single scattering albedo for the two modes is almost the same. Therefore a cloud composed entirely of mode 2 0 particles will attenuate more of the 2.30 mm radiance than a cloud with the same optical depth (t 0.63mm ) composed of the smaller mode 2 particles. Carlson et al. [1993] (hereinafter referred to as C93) proposed that the particle size was the dominant factor affecting the 1.74/2.30 mm ratio, and that this ratio could thus be used to infer information about the mean particle size. C93 found that the relationship between 1.74 and 2.30 mm radiances was well described by
where m was defined as a ''branching parameter'' or ''size parameter.'' Radiative transfer modeling was used to show that larger values of m were associated with clouds consisting of larger particles. The exponent 0.53 is chosen empirically to fit the data. Its value is diagnostic of the relative importance of different mechanisms of attenuation in the cloud, and so, as we show in section 5, it should really vary with optical depth. For the present purposes (and for consistency with C93), though, we shall continue to assign to it a constant value of 0.53.
[9] In sections 3 and 4, we use this approach as defined by C93 to evaluate the size parameter m for a range of VIRTIS data, and examine its spatial variation. In section 5, Figure 1 . Variation with wavelength of (a) the extinction cross section Q ext , normalized to its value at 0.63 mm and (b) the single-scattering albedo w 0 of cloud particles. Note that because the single scattering albedo w is close to 1, the data are presented as (1 À w 0 ) for clarity. The curves are calculated assuming Mie scattering, assuming modal size distributions and particle composition as defined in Table 1. we present new radiative modeling results which serve both to confirm broadly the previous interpretation of the size parameter and to examine its sensitivity to the vertical distribution of the cloud.
Measurements
[10] The Venus Express spacecraft has been in orbit around Venus since 11 April 2006 [Svedhem et al., 2007] . Its orbit is near polar, with a 24-h period, and highly elliptical, with a periapsis altitude of 200 -400 km above the northern hemisphere and an apoapsis altitude of some 66,000 km.
[11] The spacecraft carries a number of remote sensing instruments including the Visible and Infrared Thermal Imaging Spectrometer (VIRTIS), which covers the wavelength range 0.27 to 5.19 mm. The VIRTIS instrument is split into two main subsystems, the High Resolution Subsystem, VIRTIS-H, and the Mapper subsystem, VIRTIS-M. The VIRTIS-H subsystem is an Echelle spectrometer covering the 1.84 to 4.99 mm range at a spectral resolution of 1 nm, with an instantaneous FOV of 0.45 Â 2.25 mrad. The VIRTIS-M subsystem, has an IFOV of 0.25 Â 64 mrad sampled by 256 rows of a CCD array, which can be scanned to achieve generate an image covering 64 Â 64 mrad, with an angular resolution of 0.25 Â 0.25 mrad. At an apogee of 66,000 km, Venus' disc extends approximately 180 mrad and thus a complete image of Venus' disc may be generated by mosaicking 3 Â 3 VIRTIS-M observations. The VIRTIS-M subsystem is itself split into two components: one component covers the 0.27 to 1.0 mm wavelength range with a spectral resolution of 2 nm, while an infrared component covers the 1.05 to 5.19 mm range at a lower spectral resolution of 10 nm.
[12] In this paper we have used the ÀM infrared channel due to its wide spatial coverage. A limited number of observations are discussed in this work; they are outlined in Table 2 . Because of the orbital geometry, VIRTIS performs imaging almost exclusively of the southern hemisphere. When the spacecraft is over the northern hemisphere, it is at low altitude (<10,000 km) leading to a small field of view for VIRTIS, and its tangential velocity is too great to allow 2-D imaging using the scan mirror (''pushbroom'' imaging can be used instead, but is not optimal due to the rapidly changing altitude of the spacecraft). When over the northern hemisphere, then, the default operation mode for Venus Express is to keep the field of view of VIRTIS pointed at the nadir during the pericenter pass. This results in a 1-D ''slice'' through the northern hemisphere, obtained at near-nadir viewing geometry.
Southern Hemisphere Images
[13] Figure 2 shows a typical VIRTIS image of the southern high latitudes (VIORB0096_01) at 1.74 mm and 2.30 mm. Both of these wavelengths are window regions, so the images show thermal emission from the deep atmosphere ($15-30 km altitude for the 1.74 mm window and 26-45 km for the 2.30 mm window [Taylor et al., 1997] ). The contrast in the images is due to attenuation as the radiation passes upward through the clouds, so bright regions of the image correspond to relatively cloud-free areas. It can immediately be seen that the 1.74 mm and 2.30 mm values show similar patterns, but that the 2.30 mm radiance is much more attenuated at the polar region. The purpose of this paper is to explain why this differential attenuation occurs, and what this can tell us about the cloud properties.
[14] To process the data, we first apply a limb-darkening correction, using equations copied directly from C93 (these were based on a radiative transfer model of Kamp and Taylor [1990] , validated by using data from Galileo NIMS): Once corrected for limb darkening, we create a ''correlation plot'' by plotting 2.30 mm radiances on the x axis against 1.74 mm radiances on the y axis, as shown in Figure 3 . We Figure 2. Observation VIORB0096_01 for (a) R 1.74 , (b) R 2.30 , and (c) R 3.50 and (d) the size parameter m calculated using equation (1). This is a near-polar view of the southern hemisphere; the south pole itself is at the bottom of the image.
note that main population of points tends to fall along welldefined ''branches.'' If plotted on logarithmic axes as in Figure 3b , it can be seen that the main branches are well described by the relationship (I 1.74mm ) = m Â (I 2.30mm ) 0.53 , where m is a size parameter as described in equation (1). Any given branch encompasses both regions of high 1.74 mm radiance (corresponding to thin cloud) and low radiance (corresponding to regions of thick cloud).
[15] From the data of Figure 3 , we can see that there is a very distinctly separate branch in the correlation plot above and to the left of the main branch, indicating that it has a larger size parameter m. Turning to the data of Figure 2 , a map of the size parameter is shown in Figure 2d . It can be seen that the area of increased size parameter is found very close to the pole, in a region colocated with the core of polar vortex.
[16] The region we refer to as the core of the polar vortex can most easily be identified by using images at 3.5 mm or 5 mm (see, e.g., Figure 2c ). Nightside images at these wavelengths show thermal emission from the cloud tops; the bright region at the pole therefore indicates a higher cloud top temperature, which may indicate lower or thinner clouds due to downwelling. This polar hot spot in the thermal infrared is often elliptical or hourglass shaped and thus is often known as the polar dipole, although VIRTIS images have revealed that its shape is variable [Piccioni et al., 2007] .
[17] Figure 4 shows side-by-side plots of the size parameter m and the 3.5 mm radiance for four more observations of the southern hemisphere. In two of the observations (VI0077_03 and VI0094_01), it can clearly be seen that the size parameter again increases sharply at the edge of the polar vortex. In the other two images (VI0073_03 and VI0085_01), one can again see an increase in the size parameter at the edge of the vortex core. However, the calculated size parameter then falls to a minimum value in the core of the vortex. This unexpected behavior can be explained in part by looking at the correlation plot shown for VI0085_01 in Figure 5 . This correlation plot shows that the minimum size parameter occurs where the 1.74 and 2.30 mm radiances are at their least. At the time of writing, detailed radiometric error calculations are not yet available for the VIRTIS data; however, the signal to random noise ratio here is of the order of 10 and 50 for the 1.74 and 2.30 mm radiances, respectively, so the calibration of the data seems to be robust. As we show in section 5, when we present radiative transfer calculations, it is also possible that the simple size parameter formulation is no longer appropriate in regions of thickest cloud.
[18] To highlight once again the latitude variability of the size parameter, we have plotted the zonally averaged size parameter as a function of latitude in Figure 6 . Figure 6 clearly shows that there is little variability of the size parameter found outside the polar region.
Northern Hemisphere Data
[19] The variation of size parameter with latitude was examined further using northern hemisphere data. As discussed in section 2, the northern hemisphere observations are obtained during the pericenter pass when the spacecraft is traveling fast and low above the planet. Therefore the data consist not of images but rather as a series of spectra, in nadir viewing geometry, all grouped along one meridian. The large range of latitudes covered, all at nadir viewing geometry, are ideal for examining the latitude dependence of the data.
[20] In Figure 7 , the size parameter is plotted as a function of latitude, for six different observations of the northern hemisphere (again, details of the observations used can be found in Table 2 ). As in the southern hemisphere, the size parameter is roughly constant at low latitudes, with a sharp increase at 70 -80°latitude. The increased variability seen in these plots of the northern hemisphere data, compared to the southern hemisphere data of Figure 6 , occurs simply because the S hemisphere data are averaged over many tens of degrees of longitude, while the N hemisphere data are zonally averaged only over a much narrower swath.
[21] In Figure 8 , we examine two of the observations in greater detail, showing radiances at 1.74, 2.30 and 3.5 mm as well as the size parameter. It can be seen that, as found in the southern hemisphere images, the increase in the size parameter occurs at roughly the same latitude as the edge of the core of the polar vortex.
[22] It is instructive also to look at the 1.74 and 2.30 mm radiance plots. In both observations, there are very large variations in the 1.74 and 2.30 mm radiances at low to midlatitudes. Clearly, the 1.74 and 2.30 mm radiances are correlated with each other; after all, a region of thick cloud will cause reduced radiance at both 1.74 and 2.30 mm. However, it can be seen that despite this great variation in the cloud optical thickness, there is no corresponding variation evident in the size parameter. This finding is consistent with the earlier analysis by Carlson et al. [1993] which also found little correlation of the size parameter to cloud optical depth in Galileo NIMS data. This is perhaps somewhat surprising because standard models of convective cloud suggest that the largest cloud droplets, and the most optically thick clouds, should be found in regions of updraft [see, e.g., McGouldrick and Toon, 2007; Imamura and Hashimoto, 2001] . In the VIRTIS data, then, one might expect to find a correlation between particle size and optical thickness. We see no signs of such a correlation in the data of Figure 6 ; despite the great variation in the optical thickness of the clouds as evidenced by the 2.30 mm radiance plots, there is no corresponding variation in the size parameter. This nondetection may simply indicate the observed variation in 2.30 mm radiance is not due to convective cells, or that our analysis with its Figure 4 . Plots of the (left) the size parameter and (right) the 3.5 mm radiance for several orbits.
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[23] We note that the Carlson et al. [1993] reported an asymmetry in the size parameter between the north and south hemispheres, with northern hemisphere data showing size parameters up to 20% higher than those in the southern hemisphere (this increase of 20% was calculated by comparing data at latitudes in the range 45°S-45°N). Looking at the data presented in Figures 5 and 6 , we do not find a significant difference between the mean sizes in the two hemispheres. However, we do see temporal variation from orbit to orbit of roughly $10-20% in the size parameter at low latitudes. Therefore we suggest that the north-south asymmetry at low latitudes reported by Carlson et al. [1993] can be ascribed to temporal variability of the clouds.
[24] Carlson et al. [1993] also found that the size parameters at high latitudes might be hemispherically asymmetric. However, this finding relied on data from 60°S, which due to the Galileo/NIMS observing geometry meant that the emission angle of these observations was 75°. At these high emission angles the validity of some of the radiative transfer calculations are called into doubt. The Venus Express observing geometry is much better suited to study of high latitudes because of its polar orbit.
Radiative Transfer Modeling
[25] We have used a radiative transfer model to examine the effect of different atmospheric parameters on the radiances observed in the 1 -2.5 mm spectral windows.
[26] The radiative transfer tool used is a full multiple scattering code using correlated k parameterization for computational efficiency, which has been developed at Oxford for many planets [Irwin et al., 2008] . For application of this code to the deep atmosphere of Venus, we use spectral line data from HITEMP for carbon dioxide, and from HITRAN2k for all other gases. A sub-Lorentzian line shape is specified for CO 2 as per Tonkov et al. [1996] to account for line mixing in the far wings of the CO 2 aborption bands. Collision-induced absorption is included, using continuum absorption coefficients of 6 Â 10 À9 cm À1 amagat À2 and 4 Â 10 À8 cm À1 amagat À2 for the 1.7 and Table 2 .
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2.3 mm window regions, respectively. These parameterizations, and the validation of this spectral transfer model for Venus, are described in detail elsewhere [Tsang et al., 2008a] .
[27] We have started by assuming a single-mode cloud structure, using either modes 1, 2, 2 0 or 3 as defined in Table  1 . For each mode of particles, we have assumed a lognormal size distribution for the particles, given by n(r) $ (1/r) exp
}, where r g is the mean radius of the cloud particles and s is the variance. Scattering parameters were calculated assuming Mie scattering, using refractive index data for H 2 SO 4 from Palmer and Williams [1975] . In the base model, we have set the cloud base at 46 km, with the aerosol number density falling off with a constant scale height above the cloud base. The aerosol fractional scale height (FSH) is defined as the ratio of the aerosol scale height to the atmospheric scale height; for the default model, we have set the FSH to equal 1 (note that in some other papers, this parameter is referred to as the ''particle-togas scale height'' or PGS). For each mode of cloud particles, the number density of particles at the base of the cloud is varied in order to obtain a range of vertically integrated optical depths.
[28] In Figure 9 we have plotted the synthetic spectrum from 1 to 2.5 mm for the base cloud model of mode 2 0 particles (with a vertically integrated optical depth of 30, as defined at 0.63 mm). In Figure 10 we plot 2.30 mm peak radiance against 1.74 mm peak radiance for cloud models of different optical depths and different modes. Also plotted on Figure 10 are lines of constant size parameter m. These Sensitivity of the peak radiances in each of the 1.3, 1.7, and 2.3 mm spectral window regions to cloud base height, fractional scale height, atmospheric temperature (for the temperature sensitivity, the entire T(z) profile was increased or decreased by 1 K), CO and H 2 O abundance, and cloud droplet water fraction. DR is the percentage change in peak radiance, while Dm is the change in the calculated size parameter. Figure 8 . Radiance at 1.74 mm, 2.30 mm, and 3.5 mm and the calculated size parameter, plotted as a function of latitude, for two pericenter passes of the northern hemisphere. Note that there is no apparent correlation between the radiance and the measured size parameter and that the size parameter increases sharply inside the polar hot spot as defined from the 3.5 mm radiance plots.
lines, which are straight on a log-log plot, should represent a constant particle size according to the analysis of C93.
[29] It can be seen that the two studies agree in their fundamental conclusion, which is that larger particles attenuate 2.30 mm radiation more than they attenuate 1.74 mm radiation. In regions of higher radiation, our branches do form straight lines on a log-scale plot indicating that they exhibit a constant size parameter m. However, it can be seen that the ''branches'' predicted by the present study deviate away from this behavior, particularly in regions of thick clouds (low radiance); in these regions, the 2.30 mm/ 1.74 mm radiance ratio is higher than predicted by C93.
[30] The deviation from the previously simple power law behavior may be due to thermal emission from the base of the clouds themselves. To investigate this, we examined the sensitivity of the modeled radiance to the atmospheric temperature. Figure 11 shows dR/dT, the functional derivative of radiance with respect to atmospheric temperature, for wavelengths of 1.74 and 2.30 mm. The main peak of dR 2.30 /dT occurs below the clouds at 20-35 km, which shows that the bulk of the radiation at this wavelength is due Figure 9 . Modeled spectrum for the 1 -2.5 mm spectral region, using a single-mode cloud model of mode 2 0 particles, with a scattering optical depth of t 0.63mm = 30, cloud base at 46 km, fractional scale height of 1. Note that the spectrum is plotted at a spectral resolution of 1 nm, while the resolution of VIRTIS-M is 10 nm. to thermal emission from these altitudes. However, there is a secondary peak in dR 2.30 /dT at the cloud base (45 -50 km) which occurs due to thermal emission from this layer due to the high optical thickness (dt/dz) of this layer. The percentage of the total radiance observed at 2.30 mm is roughly 10% for the ''standard'' cloud model (i.e., that which has an optical depth of t 0.63mm = 30), but can reach over 30% in regions of thick cloud as are found in the polar vortex. This additional radiance from the cloud base might explain the deviation from the behavior of equation (1) in regions of thick cloud.
[31] If we assume that there is no variation in the composition of the particles, we can use the data of Figure  10 to find a mean particle size, on the basis of the mode 2, mode 2 0 and mode 3 particles, knowing that this comparison should not be trusted in regions of particularly low radiance. We can thus state that the effective mean particle radius is typically (1.3 ± 0.5) mm at latitudes of 0 -70°, with a peak value some $50% larger in the polar regions. However, this statement should be interpreted cautiously, with the understanding that the ''effective mean particle radius'' is a representation of the combined effects of scattering from several different particle modes.
[32] The radiative transfer work described in C93, based on the radiative transfer model of Kamp and Taylor [1990] was optimized for the clouds encountered at the low latitudes seen by Galileo NIMS and from Earth observation. It was not used to simulate clouds with optical thicknesses as high as those encountered in the center of the polar vortices. Although there is clearly scope for further investigation, the agreement between the present radiative transfer modeling and that of C93 is sufficiently close, as can be seen in Figure 8 , that the principal conclusions of this work are unaltered.
[33] We performed several sensitivity studies to test the sensitivity of the size parameter with respect to temperature, cloud structure, and, to a limited extent, gas and cloud composition. The sensitivity of the emitted radiance with respect to atmospheric temperature can be seen from the dR/ dT plot in Figure 11 . On the basis of these data, the sensitivity of the calculated size parameter to a change in atmospheric temperature has been calculated to be roughly À2% KP
À1
, as shown in Table 3 . This value represents the error in the calculated size parameter that would occur if the temperature at all heights in the atmosphere were increased by 1 K.
[34] We performed a limited sensitivity study to atmospheric composition by calculating the effect of first a 20% change in H 2 O abundance and second to a doubling of CO. The increased CO results in a significantly reduced radiance in the region 2.31-2.42 mm; however, its effect on the 2.30 mm radiance is outside the main CO absorption band (indeed, that is why the peak radiance of the 2.3 mm region occurs here), so its sensitivity to CO is weak, as shown in Table 3 . The 1.74 mm radiance is comparatively much more sensitive to H 2 O abundance at 15-30 km altitude. Drossart et al. [1993] found that tropospheric H 2 O abundance varies by less than 20% over a latitude range of 40°S-50°N; such a small variation in H 2 O abundance will only have a small ($2.4%) effect on the calculated size parameter as shown in Table 3 . In order to explain the $50% increase in size parameter found at high latitudes, one would require that H 2 O abundance at high latitudes be depleted by a factor of $5 with respect to its low-latitude value, which is unlikely in the context of previous observational constraints.
[35] The vertical distribution of the cloud would also be expected to affect the radiances. In a first test, the cloud base was moved from 46 km to either 44 or 48 km, without changing any of the other parameters. The effect on the 2.30 mm spectrum is shown in Figure 12a , while the effect on peak radiances in 1.3, 1.74, and 2.30 mm window regions is tabulated in Table 3 . When the cloud base was lowered to 44 km, the observed radiation at 1.74 mm and 2.30 mm dropped by 1.4% and 2.3%, respectively. This is complicated to evaluate, because it is understood that what occurs is that more of the optical path of each photon is deeper in the atmosphere, where the atmospheric density is 20% higher. One might thus expect the absorption to be $20% greater. Balanced against this increased absorption, however, is increased thermal emission from the 44-46 km region due to the higher dt/dz in this region.
[36] In a second test, the fractional scale height (FSH) of the cloud was changed. The fractional scale height determines the vertical extent of the cloud; if the FSH is doubled, the cloud falls off twice as fast, so the vertical extent of the cloud is effectively halved. This means that the number of cloud particles is unchanged and the number of scattering events for each photon are unchanged; but that the mean photon path length is shorter, leading to less absorption of the radiation. The computed spectra are shown in Figure  12b , with peak radiances again tabulated in Table 3 . It is interesting to note that the relative magnitude of the center and edges of the spectral emission feature, i.e., its shape, varies with different vertical distributions of the cloud, due to difference in the gaseous absorptance between the center of the spectral window and its edges. Further treatment of this is beyond the scope of the present paper; however, we note that the vertical structure of cloud should be considered when mapping abundances in the deep atmosphere using the 1.7 and 2.3 mm windows. As to the size parameter, we note that its sensitivity to cloud structure variations as Figure 11 . Temperature functional derivative, i.e., the sensitivity to temperature changes at different heights in the atmosphere. The horizontal gray line shows the base of the lower cloud.
shown in Table 3 is below 5% for all the changes which were considered; this is a relatively small error compared to the observed spatial variation of the size parameter. Therefore we conclude that the observed spatial variation in the size parameter cannot be due merely to changes in the vertical structure of the cloud.
[37] We have also conducted radiative transfer calculations for more complex clouds consisting of different mixtures of modes 1, 2, 2 0 , and 3. In correlation plots of the 1.74/2.30 mm radiances, there is not enough information to distinguish between a multimode cloud of large and small particles (for example a cloud consisting of modes 1 and 3), and that of a single-mode cloud with an intermediate size of cloud particles. Therefore we do not present any of these modeling results here. It is hoped that use of further wavelengths within each window region (e.g., 2.25 mm), as well as use of shorterwavelength window regions (e.g., 1.31 mm), may provide enough information to constrain the vertical distribution of cloud and/or the modal mix of cloud particles.
[38] Until now, we have ignored the possibility of variations in the composition of the cloud particles. We have shown that it is possible to interpret the observed diversity of 1.74 and 2.30 mm radiances by varying only the cloud optical thickness and the mean size of the scattering particles. However, we cannot eliminate the possibility that the composition of the cloud particles varies across the planet. In a final sensitivity test, we altered the proportion of H 2 SO 4 :H 2 O ratio assumed in the cloud particles. Instead of using the 85% H 2 SO 4 :15%H 2 O assumed until now, we have also performed radiative transfer calculations with 96% H 2 SO 4 :4% H 2 O and with 75% H 2 SO 4 :25% H 2 O. The refractive index data used were taken from Palmer and Williams [1975] , as before. The effect of this change, for the basic cloud model (mode 2 0 particles with t 0.63mm = 30) is shown in Table 3 . It may seem surprising that the 1.74 mm and 2.30 mm radiances increase both if the cloud water fraction is increased to 25% and if it is decreased to 4%; this is because the imaginary part of the refractive index is lower in both of these cases than in the baseline case of 15% water content, leading to less attenuation.
[39] It can be seen that the change in composition has a large effect on the radiances, in particular in the 2.30 mm radiance. This then has a correspondingly significant effect on the calculated size parameter: changing the H 2 SO 4 fraction to 96% caused a 14% change in the inferred size parameter. Unsurprisingly, this shows that the 2.30 mm/1.74 mm ratio is much more sensitive to the composition of the cloud droplets than to their vertical extent. We have not considered the effect of adding other impurities to the cloud particles (e.g., HCl, S, Fe), but these would greatly affect the relative radiances, and thus the calculated size parameter. This sensitivity to cloud particle composition is limited to the regions of the cloud where the cloud optical thickness (and thus the attenuation) is greatest. Therefore, the size parameter as defined here may be sensitive to cloud composition in the lower cloud (below $55 km) but should be relatively insensitive to the composition of the upper cloud where the abundance of scatterers is much smaller. For completeness, though, we intend to test in future the effect of inclusion of sulphur allotropes (S x ) which may be a constituent of mode 1 particles in the upper cloud [Toon et al., 1982] .
[40] We do not have enough information to determine the composition of the cloud particles; at this point we can only conclude that while it is possible to interpret the variation in 1.74 mm and 2.30 mm radiances purely by varying the size distribution of the particles, we cannot rule out the possibility of variations in the composition of the particles.
Discussion
[41] In this discussion we consider how the present analysis fits in with our understanding of the dynamics of the polar vortex.
[42] In the troposphere of Venus, as on Earth, larger cloud particles are usually found in regions of updraft. This is Table 3. partly because the updrafts bring warm moist air up to colder regions where condensation occurs, and partly because large cloud particles quickly settle out of the atmosphere unless held aloft by upward winds. Therefore, the increase in particle size found in the center of the polar vortex would seem to indicate rising air in the center of the vortex.
[43] The general understanding of the meridional circulation of Venus is that of a Hadley-type overturning, with heated air rising at the equator and sinking at the high latitudes. Air traveling poleward from the equator is accelerated in a zonal direction by Coriolis acceleration, giving rise to a vortex in midlatitudes. This poleward transport has been seen at cloud top levels by cloud tracking in the UV and visible wavelengths [e.g., Limaye, 2007] . However, very few data were obtained from near the poles, due to the near-equatorial geometry of most past observations. Therefore it is not clear at what latitude the descending branch of the Hadley Cell is located.
[44] One possibility is simply that the maximum downwelling is in the center of the polar vortex. This is consistent with the thermal IR imagery because strong downwelling would push down the cloud top altitude to regions of higher temperature, hence resulting in the polar hot spot as seen in the 3.5 mm and 5 mm images. However, it is inconsistent with the finding that cloud particles are largest in the center of the vortex, since this would imply rising air. It thus seems that a more complex cloud model, incorporating more than one cloud-forming constituent, may be required to explain the complexity of the cloud structure in this region. For example, one could postulate a population of nonvolatile large ''mode 3'' cloud particles in the lower clouds. Strong downwelling in the center of the vortex would lead to evaporation of the smaller mode 2 and mode 2 0 particles, composed of volatile sulfuric acid particles, leaving only the larger nonvolatile particles in the cloud base. This would result in large particle sizes in the center of the polar vortex despite downwelling. However, this explanation is not satisfactory since it does not explain the regions of very high optical depth sometimes seen at the pole in the 1.74 and 2.30 mm images.
[45] Another possibility is that the downwelling branch of the Hadley Cell is strongest at 60-70°of latitude, which is where the polar collar is found. Here, too, the cloud top altitude is 2 -3 km lower than it is elsewhere on the planet [Zasova, 1995] , which could be associated with downwelling. A stronger argument for downwelling at this latitude comes from maps of CO at 30 km altitude [Tsang et al., 2008b] . Formed at high altitude from photolysis of CO 2 , CO is then transported downward into the deep atmosphere, where it has a limited lifetime. CO thus acts as a tracer of meridional circulation. The CO maps show a peak at 60°l atitude, implying that this is the latitude at which the maximum downwelling occurs. This is consistent with the results at least one global circulation model of Venus, which found that there was strong downwelling at 60°S, with upwelling at the pole itself [Lee et al., 2007] . If one assumes upward velocity transport at the pole, however, it is not clear how to explain the polar hot spot seen in thermal IR images.
[46] To resolve the nature of polar circulation and cloud processes using only near-IR remote sounding data will be difficult, because so little information is available. Some further information on both the particle size and vertical structure of cloud will be sought by examining more wavelengths in the near-IR regions. Vertical profiles of temperature can be obtained from radio occultation; however, these will not have a sufficiently high horizontal resolution to capture the fine structure of the vortex region. However, a deeper understanding of this region may require data either from a microwave sounder, which would be able to see through the clouds to map temperature fields, or from in situ measurements.
Conclusion
[47] Observations of near-infrared emissions from the nightside of Venus using the VIRTIS-M instrument on Venus Express have been analyzed in order to gain information on cloud properties. Using radiative transfer modeling, we have confirmed that increasing cloud particle sizes result in more attenuation of 2.30 mm radiation than of 1.74 mm radiation; and that the relationship between these radiances can be used to constrain spatial variation of particle size. The present modeling work has found that the relation between 1.74 and 2.30 mm radiances takes a more complex form of than the simple power law of (I 1.74mm ) = m Â (I 2.30mm ) 0.53 as proposed by Carlson et al. [1993] , especially in regions of optically thick clouds. However, we confirm that the size parameter m proposed in that work is, as a first approximation, indicative of the mean cloud particle size.
[48] The size parameter has been evaluated for a range of VIRTIS data from both the southern and northern hemispheres. In both hemispheres, we find no consistent spatial variation of the size parameter at low to midlatitudes; however, we consistently find a sharp increase of the size parameter within the polar hot spot (as defined using thermal infrared images). This is seen in both southern and northern hemisphere data.
[49] The data are consistent with the explanation that the cloud particle size increases sharply in the polar vortices; however, we note that the observed variation could also be related to a variation in the composition of the cloud particles.
